The hydrogen and oxygen isotope ratios in hydrous minerals and volcanic glass are routinely used as paleo-proxies to infer the isotopic values of meteoric waters and thus paleo-climatic conditions. We report a series of long-term exposure experiments of distal 7700 BP Mt. H in native and reacted ash that can be used in defining the protocols for natural sample preparation. We employ Thermal Conversion Elemental Analyzer (TCEA) mass spectrometry, thermogravimetric analysis and a KBr pellet technique with infrared spectroscopy to measure the evolution of d 18 O. This observation clearly suggests that it is hydrogen exchange, and not water addition or oxygen exchange that characterizes the process. (iii) Our time series drying, Fourier transform infrared (FTIR)-KBr and Thermogravimetric Analyzer (TGA) analyses collectively suggest a simple mechanistic view that there are three kinds of "water" in ash: water (mostly H 2 O) that is less strongly bonded on the surface of ash particles that are getting lost with 24-48 h of drying to up to 200-300°C, bound water in glass in a range of combining proportions of SiOH to H 2 O, and a small reservoir of residual, tightly held water.
H, total water, and OH water peaks in the course of exposure experiments, and in varying lengths of vacuum drying. 18 O in ash; water released from ash rapidly by thermal decomposition is not enriched in d
18 O. This observation clearly suggests that it is hydrogen exchange, and not water addition or oxygen exchange that characterizes the process. (iii) Our time series drying, Fourier transform infrared (FTIR)-KBr and Thermogravimetric Analyzer (TGA) analyses collectively suggest a simple mechanistic view that there are three kinds of "water" in ash: water (mostly H 2 O) that is less strongly bonded on the surface of ash particles that are getting lost with 24-48 h of drying to up to 200-300°C, bound water in glass in a range of combining proportions of SiOH to H 2 O, and a small reservoir of residual, tightly held water.
Experimentation with vacuum drying at 130-220°C, and with TGA up to 1000 °C provides a set of simple relationships and recommendations for users. Ash loses 1-1.2 wt.% water with weight loss stabilizing after 48 h of vacuum drying at 130 °C. This ash drying removes molecular water over the hydroxyl group in a proportion of $80:20% resulting in relatively constant d 2 H values of the remaining total water in native ash. This study demonstrates that d 2 H in ash can be rapidly changed by minor diagenesis even at relatively low temperatures of 20°C. A diagenetic history of ash is needed to interpret the D/H ratio, but the d
18 O values of water in ash are more robust. Ó 2013 Elsevier Ltd. All rights reserved.
INTRODUCTION
The isotopic composition of water has been a tool to infer modern and past environmental conditions for more than 50 years (e.g. Gat, 2010 (Dansgaard, 1964; Rowley et al., 2001 ) permit "uniformitarian" application of these ratios to paleo-environments (e.g. Bindeman and Serebryakov 2011 ) . Hydrogen and oxygen isotopes in secondary minerals or hydrated glass record weathering signatures. They may preserve these signatures if not affected by secondary exchange (Friedman et al., 1985 (Friedman et al., , 1992 and provide information on paleo-temperatures as well as rain shadows and ancient topography (Chamberlain and Poage, 2000 ) . The d 2 H in kaolinite (Mulch, 2006 ) , and d
18 O in clay minerals (Chamberlain and Poage, 2000 ) , as well as goetite (Bao et al., 2000 ) , phosphate, and many other minerals have been employed. The use of volcanic ash has a particular value for both 18 O and 2 H isotopes (Friedman et al., 1992 (Friedman et al., , 1993 ) because the ash is produced and spread over climatically wide territories nearly instantaneously. As ash hydrates without alteration within a few hundreds years upon deposition (Friedman et al., 1993 ) , a shallowly buried blanket of ash can potentially record isotopic values of environmental water and provide a snapshot view of precipitation across continents or mountain ranges thus providing important data on latitudinal, altitudinal, and local (e.g. local rain shadow) conditions. Within several 1000 years of weathering and exposure to an aqueous environment with particular isotopic values, water diffusion and reaction hydrates the ash (or other substances) to an equilibrium value, generally around 4 wt.% water for ash, less for vitreous glasses. This process yields a hydration time of the averaged meteoric and hence climatological snapshot during the period of reaction (Friedman et al., 1993) . It is believed that upon completion the secondary water does not exchange isotopically with changing environmental waters, and thus these 1000-year scale averages of isotopic signal can be trusted in old ashes particularly if the deposition is now at different altitudes (due to tectonic uplift), continental position, or climate.
There have been, however, no laboratory investigations of the stability of isotopic bonding of ash and hydrated glasses under lower-diagenetic to ambient surface conditions (ca. 0-70°C), and relative rates of oxygen vs. hydrogen isotope exchange with environmental water. Extensive laboratory work was conducted on hydration and its mechanisms of polished obsidian surfaces under higher-temperature conditions (Anovitz et al., 2009 ) . By exposing obsidian to isotopically-labeled, alternate sequences of water, 18 O labeled water, and pure deuterium oxide at 150 °C these authors conclude that overprinting occurs with each new solvent front over short, 10 days or less time periods. While this change occurs for new, in-diffused molecular water that does not have time to hydrolyze the SiO 2 lattice, they also note the apparent alteration of "intrinsic" water in obsidian (Anovitz et al., 2009 ). Other work (Riciputi, 2002; Anovitz et al., 2004 Anovitz et al., , 2008 employed depth-profiling by SIMS to investigate shallow diffusion profiles during water-glass interactions well below the glass transition temperature. Aside from early microscopic and mechanical alterations obsidian manifestly is not in equilibrium with water.
For these tiny quantities of water an equilibrium state would have the aqueous portion expressed primarily as OH.
Just as the molecular description of water itself is largely in terms of hydrogen bonding, water in silica whether as OH or molecular water reflects the physical properties governed by the strengths of these bonds (Christy, 2010; Vella et al., 2011 ) . As a consequence virtually all the hydrogen in hydrated silica ash is not only site bound to its associated oxygen but strongly coordinated to nearby water locations of either OH species.
We conducted long-term (up to 14,450 h) experiments at low, environmentally-relevant temperatures of 20, 40, and 70°C, which are meant to test the ability of ash to retain or record the changes of water concentrations and water isotopes in the near-surface to lower-diagenetic environments.
METHODS

Starting ash material and waters
The 7700 ka Mt. Mazama ash was collected in the Hells Canyon landing station area of Idaho (46°05 0 23.85 00 N 116°59 0 04.4 00 267m Heller Bar Boat launch Idaho/Washington State boundary on the bank of the Snake River), 535 km from its source implying stratospheric transport. The choice of early Holocene distal ash is justified because several 1000 years is sufficient time to realize secondary hydration (e.g. Friedman et al., 1993 ) . Climate at the site has been relatively stable (post-glacial) and the ash has not suffered from secondary or diagenetic alteration processes.
Quantitative particle size and surface area data on a Mazama ash sample were measured by a Beckman Coulter LS 13 320, multi-wavelength particle size analyzer employing a laser light scattering technique. Data are presented in Fig. 1 , actual size numbers tabulated in the Table A3 of the Appendix. Microscopic examination of this aerodynamically-processed ash revealed that it is fresh (dark in cross-polars) and contains less than 1% birefringent phenocrysts or detrital grains.
A chemical analysis of major and trace elements of the starting or native ash is given in Both native and reacted ash were examined under a FEI Quanta 200 ESEM/VPSEM Microscope at the University of Oregon Camcor facility (Fig. 2a-f ). This was done for two purposes: (1) to examine the morphology of the ash particle and to approximate the surface/volume ratio as compared to a sphere of similar volume, and (2) to determine any morphological changes brought about by the exposure to water in the long run and to try to detect if it caused dissolution or formation of any clay minerals, but none were observed even in the longest-duration runs. 
Vacuum oven and muffle furnace experiments and TGA analysis
Setting up a standard drying time and protocol was an important detail of this work which allows the comparison of runs at different exposure times. There is considerable variability in the loss on dry at all of the vacuum drying times. The weight percent water differences were especially pronounced when comparing different bulk ash sub lots despite mixing and homogenizing the total ash amount that was collected. The general variability of water content was seen in all the TCEA results as well. Preliminary estimation of loss on drying was done with the native ash in a vacuum oven set at a temperature of 130 °C. This drying over 24-48 h removed around 1-1.2% water. Further weight loss was minimal upon longer duration of vacuum drying. Thus a single time of 48 h under vacuum at 130°C was set for all samples destined for isotope analysis.
A more sensitive drying analysis was performed using thermogravimetric analysis or TGA (Fig. 3) , using a TA Instruments Thermogravimetric Analyzer (TGA Q500). Runs consisted of 12-18 mg of ash slowly thermally degassed (20°C/min) under a nitrogen atmosphere. The continual loss was recorded as percent of original weight versus temperature.
Drying to higher temperatures as part of step heating analyses and IR standard preparation was done in a digitally monitored muffle furnace. Starting at 25 °C for the Fig. 1. Particle size distribution in the starting material of distal Mt. Mazama ash sample, collected about 537 km from the eruption site, the Crater Lake, Oregon. The skewin g to smaller particle s is consistent with stratospheric transport and aerial sorting as is observed for 1980AD Mt. St. Helens ash collected at a similar distance (Sarna-Wo jcicki et al., 1981 ) . The particle size analysis of Mt. Mazama ash yielded a mean size of 39 lm, a median of 27 lm, and a specific surface area (surface to volume ratio) of 10652 cm À1 or 1.065 microns
À1
. With appropr iate unit conversion s and using a density of 2.2 g/cm 3 and assumi ng spherical geometry correspon ds to a specific surface area of $0.5 m 2 /g. Given the observed morpholo gy of Mt. Mazama ash particles and their inferred porosity (Figs. 2 and 12 ), the true specific surface area is estimated to be 1-1.5 m 2 /g, in accordanc e with ash surface area measured by high-resol ution nitrogen adsorption/de sorption experiments of Delmelle et al. (2005) , and SEM measureme nts by Mills and Rose (2010) . H by TCEA as well as infrared spectroscopy. A second analysis with two side by side sets of samples was also performed. This also involved step heating and sample removal: one sample set was ash reacted for 7300 h in the prepared deuterium enriched water, the other a second round of native ash. Sampling was done at 25, 150, 200, 250, 300, 350, 400, 450, 600, 750 and 900 °C. All these heat processed samples that were subject to mass spectrometry by TCEA with infrared analyses were obtained on the (heated) native ashes only to follow relative losses of molecular and lattice bound waters.
Exposure experiments with Isotopically-labeled water
Samples of native ash, approximately 100 mg were mixed with approximately 3 ml of the prepared water in 10 ml GasBench exetainers with a rubber air-tight screw on top, and placed inside of the GasBench thermal block at 70 and 40 °C ±0.1°C. The 20 °C sample series were set aside in the constant room temperature of the lab.
A second set of exposure experiments were constructed with ash that was first vacuum dried for 72 h at 130 °C. Durations and outcomes of all (ash plus water) experiments are summarized in Table 2 .
Removal of water was a reaction-terminating event. As removal of the overlying water by filtration was difficult, samples were spun down in a centrifuge and the supernatant was carefully poured off or removed with a pipet. This was followed by three separate short rinses with distilled "Eugene" water (to remove surface water absorbed on ash). Each rinse was accompanied by shaking of the mixture and centrifugation to settle the solids. Lastly the ash was mixed with a volatile organic solvent (early samples with ethanol later samples with acetone) with the ash Fig. 2 . Secondary Electron (SEM) images of reacted and unreacted Mazama ash at different magnifications. (a-c) Native ash, (d-f) ash reacted for 7017 h at 70 °C. Notice no morphologica l changes to ash particle s (preservation of the sharp ash ridges), and the preservatio n of the smallest particle s. There are no observab le second ary minerals down to the resolut ion of SEM.
spun down as with the water rinsing steps. Samples were then air dried in isolation before drying by vacuum heating for many hours (described above). Dried samples were capped inside air tight exetainers and stored in a dessicator.
Isotope analyses
The front end TCEA (Thermal Conversion Elemental Analyzer, or glassy carbon pyrolysis furnace) continuous flow and sampling system at the University of Oregon Fig. 3 . The thermogravim etric (TGA) analysis of undried native ash (3.78 wt.% water) and ash that was pre-dried in a vacuum oven at 130 °C for 72 h ($2.5 wt.% water) demonst rates the pattern of water loss from ash progressiv ely heated to higher temperatures . Notice that both show roughly similar behavior upon drying, but for this pre-dried ash the onset of the higher rate of weight loss is delayed until over 250 °C. (Table 5 ) are shown. Fig. 4a ) additional ly shows a second h scale (right), a term defined by Langmuir limited site absorption theory and is discussed in the text. Fig. 4d ) shows the averages of water contents in reacted ash grouped by exposur e temperatures . Notice that the length of exposur e to isotopically -labeled water does not lead to the increased water concent ration. The water weight uncertainties exceed our analytical precision and are likely due to sample heteroge neities seen in the small sampling amounts. Data are summarized in Table 3 . (Bindeman, et al 2012 ) is coupled through a molecular sieve, size exclusion stationary phase chromatography column to a large radius MAT253 10 kV gas source isotope ratio mass spectrometer (IRMS). Hydrogen isotope measurements generally consumed 1-3 mg of the ash although with water poor samples the amount ranged up to 6 mg. Samples were loaded and purged with He carrier gas in an autosampler. We used three reference standards in each Notice that the length of exposur e to isotopi cally-labeled water does not increase water concentratio n. Data are summariz ed in Samples plotted here demonstrate significant deuterium uptake (Figs. 4 and 5) but they do not uptake water. Each vertical array of data represents the results of a single ash water exposur e experiment, sampled at different drying times. Notice that drying for different lengths of time uniformly decreases H 2 O concentratio n from $3.75 to $2.5 wt.% (final) after which it stops decreasing, starting from 48 h. We therefore adopted 48 h as a drying time in our runs and recommend this protocol for other users. Table 3 ). We applied a three point calibration using offsets between measured and nominal d 2 H values for the mica standards during each analytical session.
The analysis for hydrous 18 O in native and two 2 H-enriched, reacted ashes was done with 1-2 mg of ash also using TCEA-MAT253 IRMS (see Table 3 ) and a CO only method. Measurements for all ash samples were offset by the calculated 18 O value for NBS30 biotite. Native ash was essentially the reference point against which reacted ash was compared (Fig. 7) . The absolute value is less important than a relative difference between exposed and non-exposed ash. Native and exposed ashes were run both with and without vacuum drying.
Internal errors with repeated standard analysis in the same analytical session typically ranged in ±0.05-0.1 wt.% water and ±2-3& d 2 H; the external errors related to analysis of ash after handling and drying are estimated to be larger. While we have not performed strict error propagation, the single repeated analysis of ash from identical separate experiments with nominally identical preparation, handling and subsequent analysis conditions returns results within 0.2-0.3 wt.% H 2 O and 5-8& d 2 H.
Infrared (FTIR) analyses of KBr pellets
Infrared analysis of water concentration and speciation in glass has a long and extensive history in geological sciences (Stolper, 1982 ) , including the studies of fluid and melt inclusions (Bartholomew and Butler, 1980; Newman et al., 1986; Wakabayashi, 1989; Me ´trich and Wallace, 2008 ) . Typically determining water concentration in small and irregular glass fragments requires cutting and polishing as part of the process of obtaining reproducibly precise path lengths. By contrast the use of weighed and pelletized samples in KBr glass, a technique used for more than 50 years (Kirkland, 1955; Romo, 1956; Sobkowiak, 1995 ) , is a bit less demanding. Samples analyzed by infrared generally follow a fixed protocol. All samples studied here were a combination of 10 mg ash mixed with 12 mg potassium bromide, carefully weighed, and pressed into a wafer. Infrared grade potassium bromide, Fisher Scientific lot number 871087, was vacuum dried at 130 °C to remove water and a KBr absorption spectrum blank was run to ascertain there were no water contaminant absorbances (Fig. 8 ) in the wavelength window of interest. Sample homogenization was accomplished by extensive grinding of the ash and KBr in an agate mortar and pestle. This mixture was pressed into a 7 mm die with a hand press (Aldrich Quick Press pellet kit p/n Z506761). The pellet was cut from the die with a small razor knife and generally recovered as a major fragment of the circle. Sample path length was determined with 18 O change in bulk ash as a function of exposure to isotopically -labeled water that demonstrate the effect of deuterium exchang e and little to no 18 O exchang e. Notice that the scale for hydrogen is about 8 times that for oxygen to normalize for relative mass difference between the heavy and light isotopes in respective H and O systems. a digital micrometer and the value used was an average of at least eight separate measurements. Further details on FTIR procedure and measurements are provided in Appendix A1.
The water concentration values were determined by Fourier transform infrared (FTIR) in KBr pellets using a literature absorptivity value, e 3570 = 80 -(1.36 Ã C H 2 O ) (Leschik et al., 2004 ) . This entails an iterative procedure (see below and Appendix A1) that assumes an initial e 3570 (Leschik et al., 2004 ) . At each of the sampling temperatures for the step-heated ash an infrared spectrum was recorded along with the d 2 H and water by TCEA. The water values by FTIR were compared with those measured by total TCEA extraction. These values agreed reasonably well (see Fig. 9 ). The 7300 h reacted ash was of an insufficient amount to provide both TCEA and FTIR samples. Native ash samples were taken simultaneously at each sampling temperature along with reacted ash samples. The infrared spectra from heated native ash samples were essentially a proxy for the FTIR of reacted ashes had there been enough sample for the latter. Fig. 2 contains representative images of native and reacted ash, showing no visual indication of differences between the groups. We observed no secondary minerals or other degradation features in the reacted ash down to 0.1 um resolution. As is evident from fine structures in comparisons there is no morphological evidence of dissolution even in the hottest, longest-duration run, as silica solubility is about 300 ppm at 70 °C (Siever, 1962) .
RESULTS
SEM analysis
Thermogravimetric analysis results
The TGA heating results in the stepwise removal of molecular and OH-bound water from ash, and the pattern of high temperature weight loss is the same for the native ash and ash pre-dried in a vacuum oven at 130 °C prior to TGA analysis (Fig. 3) . The important observation is that the rate of water loss from ash is minimal up to 200-250°C drying temperatures, after which the slope greatly increases (Fig. 3 ). This suggests that the vacuum drying protocols that we employed affect primarily the most loosely bound water. The other important observation is that the D/H ratio stays relatively constant during this drying (Fig. 10 ). Above these temperatures featureless, monotonic decline of weight is observed until 600 °C and $0.5 wt.% residual water. A more rapid collapse of the remaining $0.5 wt.% water to nearly 0% occurs between 600 and 630 and then to 900 °C. This region of steady water loss is accompanied by slow increase in the d 2 H values. Note the variability in the 0 hour immersion time ash samples. These represent samples taken from a number of separate batches or lots and reflect, just as the weight water variations reflect, heterogeneity of the ash. The zero time value for all the reaction series is an average of these 11 values (Table 3) . Perhaps the most important result of our experiments is the observation of a curvilinear increase in d 2 H value in ash exposed to 650 & water for progressively longer times (Fig. 4) , and no such trend for H 2 O tot and d
18 O (see below). The rate of deuterium uptake in each of the isothermal time series measured from 48 to 14,454 h or roughly 602 days ($532 days for the 70 °C series) initially followed a generally linear trends for most of the exposure time (Fig. 4a-c) . The rates of uptake are high: we are able to measure higher d
2 H values in a matter of few days with ash incubated at 70 °C. As expected the rate Table 3 . The rates of reaction for ash that was dehydrated prior to immersion measured from 25 to nearly 6000 h or roughly 250 days ($57 days for the 70 °C series) also initially followed a generally linear trend (Table 3 , Fig. 5a c). However, we observe that all rates at each temperature are much higher than the corresponding ones for the native (not dehydrated) ash (Fig. 4a-c) . Slopes for each 20, 40 and 70 °C time series experiments again successively increase with temperature. Each of the rates in Fig. 5 is highest at shorter reaction times, moderating at longer periods. While the initial rates are linear in time the slopes are better described with a small polynomial correction, which also fits a limited site Langmuir absorption model (Fig. 4a) . In particular and in concert with Doremus (2000) the behavior is described by the Langmuir formalism:
where a is a proportionality constant and f is fugacity and h is the fraction of sites where absorption has occurred.
Total H 2 O through time
We observe that while there is a significant increase in d 2 H in either native or pre-dried ash experiments, there is no net uptake of water (Figs. 4d, 5d, and 6). To verify this important result we experimented with samples of native ash, and identically followed our experimental immersion protocol: weighed, immersed in water for 3 weeks, centrifuged then washed with solvent and dried by air evaporation of solvent. On re-weighing they showed no net (Fig. 8) versus thermal combu stionmass spectrosc opy (TCEA) on the same aliquot of samples. Ash samples were progressively degassed and sampled at increasing temperatu res (shown) in the course of step heating leading to the decreasing water contents. uptake of water. The weight differences of +0.40% and À0.17% (relative error) are within the accuracy of this handling procedure and balance uncertainty. Ash dried to over 1% weight loss slowly regains only 0.3% in air (9 months) or upon immersion in water. Ash dried by about 2% weight loss is distinctly hydrophobic and gain even less water on hydration. This set of experiments suggests that while undergoing D/H exchange, the native ash is not gaining water weight (Fig. 6 ). This is fully consistent with the fact that the ash has had several millenia to equilibrate with water and there is no chemical potential driving force to possible deliquescence or further hydration. Replacement of degassed SiOH and molecular water by rehydration is not simply reversible to its original state (D'Souza and Pantano, 2002 (Zheng, 1993 ) , the bulk ash d
18
O by calculation translates to À20.4& for its OH (aqueous) portion. Thus it appears that a similar, a ð 18 Osilicate-OHÞ ¼ 1:028 applies to ash. The a ð 18 Osilicate-OHÞ fractionation for biotite, estimated by an increment method, varies within narrow bounds for other hydrous minerals (Zheng, 1993 
Results of Infrared measurements of ash pressed in KBr pellets
The 45% ash/55% KBr pressed pellets mixtures were examined by FTIR. A blank with pure potassium bromide pellet was devoid of water and detail as shown in Fig. 8 and in contrast to the characteristic OH and H 2 O mol absorbances observed for all ash pellets.
At around 3570 cm À1 the absorbance is a composite of SiOH, AlOH, H 2 O and possibly other (MOH, M = cation) functional groups and at 1640 cm À1 the molecular water peak is observed. Deuterium substitution is too dilute here to be seen in the infrared. As the absorptivity coefficient e for ash in KBr mixtures is not known we used a published e of 80 À (1.36 Ã C H 2 O ) (Leschik et al., 2004 ) that gave a linear fit and good agreement with TCEA-determined total water concentrations (Fig 9) . The choice of e in the range of 60-80 does not affect the measure of fit but rather transposes the whole set of IR determined water percents up or down with a non-zero intercept. Increasing amounts of water in silica depress the value of e causing the deviation from linearity. 3.5.
Step heating experiments, evolution of water, and d
H values
These sets of experiments were conducted with a separate batch or lot native ash and one 7300 h reacted sample in order to (1) establish the d 2 H at all amounts of remaining water in the native ash after increasing amounts of thermal degassing and (2) compare the amount of deuterium found in the remaining ash water after step wise removal or degassing of water. The d 2 H and H 2 O effects out of the step heating experiments are depicted in Fig. 10 H value trend reverses becoming increasingly positive by the last few tenths of a percent of water remaining. It is possible this last 0-0.4% percent is a remnant of the original, degassing magmatic water (Cameron, 2010) Step heating drying temperature . Numbers on vertical bars are total water wt.% from TCEA determinat ions. Note that while total water (H 2 O mol + OH) are both decreasing, speciation ratios do not drama tically change below $400°C. The slight increase in d 2 H from 400-600°C is accompanied by a rather steep increase in the ratio of OH to H 2 O mol . (b) Compares measured speciation ratios of water in Mazama ash to those seen in experimenta lly synthe sized glasses (filled squares, Sowerby and Keppler, 1999 ) , and theoretica l, Langmuir ratios (top, outlined square, Doremus, 2000 ) . The Sowerby and Kepple r data conform to Langmuir theory (Doremus, 2000) . ash sample (Fig. 10 b) is consistent with a picture of progressive (outside to inside) loss of high d 2 H surface water that is lost first followed by degassing of "deeper" water. Significantly, deuterium substitution is seen at all levels of remaining water in excess of that seen in degassed native ash.
TCEA mass spectrometry, drying and infrared determination
Samples of progressively degassed ash were examined for water concentration and speciation using the KBr pellet technique described above. The results are summarized in Fig. 11a . Temperatures at or below $600°C, the glass transition, do not reset the speciation ratio in terms of values for water and OH in glass (Sowerby and Keppler, 1999 ) . Samples from each of the step heating intervals within this temperature range thus contain generally accurate SiOH/ H 2 O ratios dictated by the remaining amount of water in ash. It is apparent that as drying proceeds, the diminished water in ash is increasingly accounted for by OH. This shift in relative proportions reflects a fundamental change in the molecular environment of ash water as "outer" layers are removed by drying. A sense of inner and outer must be viewed cautiously though as surface SiOH groups in close proximity require a much lower temperature to give up water than surface SiOH separated at larger distances or geminal OH (Sneh and George, 1995; D'Souza and Pantano, 2002 ) . The nature of the bonding and configuration between SiOH and two waters, possibly a water dimer, is less localized than the direct hydrogen bond that secures a single water molecule to SiOH. Hydrogen that is less strongly coordinated electrostatically as in the first case of SiOH:H 2 O (1:2) is certainly a better candidate for exchange than the one held between two oxygen atoms, that is 1:1, 2:1, etc as in the case of SiOH:H 2 O. The speciation ratios in Fig. 11a correspond closely to published low temperature IR speciation data (Sowerby and Keppler, 1999 ) , numbers from Langmuir speciation theory (Doremus, 2000 ) , and these are compared in Fig. 11b .
DISCUSSION
The discussion below summarizes results from different methods employed in this investigation, proposes a simple exchange-diffusion model, discusses applications of these results to natural ash studies, and sample preparation protocols. (Fig. 4) . This represents 0.625% exchange in a reaction that theoretically progresses from starting d (Fig. 1 ) and SEM photograph s (Fig. 2) . (a) The most commonly observed morphology of Mazama ash: prism with ridges (e.g. Fig. 2 ). (b) Absorptio n and in-diffusion in a sphericall y-symmetric solid is contrasted with variable morphol ogies of Mt. Mazama ash. Note that with time the diffusion front in the random shape becomes more spherical. Hypothetical fast mechanism s of D/H exchange along microcracks or intrinsic microchanne ls in the ash as well as water films along micro-crack s reaching possible water-filled remnant bubbles in the ash are shown.
Summary of observations
(2) Remarkably, these increasing d 2 H values occur with no net uptake of water (Fig. 6) , nor any appreciable increase in d
18
O of water in ash (Fig. 7 above) . These results suggest that the deuterium increase is apparently due to proton absorption and exchange, and not due to water or oxygen addition or in-diffusion. This decoupling exchange from water is a prominent outcome of all our experiments of various durations and set ups.
(3) Our observations of a Langmuir-type response is closely tied to a fundamental construct in water speciation in glass (Doremus, 2000 ) . The notion of limited site absorption underscores the dominant role of surface processes in the deuterium increases in the ash. Initial linear d 2 H increases moderating through time are consistent with a model of reasonably rapid surface site occupations, saturation, followed by more strenuous absorption reaction conditions. We thus propose a "differential activity surface hydrogen " model (or DASH), that absorption on the large surface area of the ash plays the most prominent role in exchange. We estimated above that Mt. Mazama Ash has $1 to 1.5 m 2 / g specific surface area (Figs. 1 and 12 ) . Supporting the DASH model, our experimentation with a sample immersed in 650 & d 2 H water for over 300 days at 70 °C, degassed and sampled at increasing temperature intervals (Fig. 10 b) , demonstrating the the loss of initially very high d 2 H chemically absorbed surface water (see Table 4 ).
Increased temperature ( This also supports our conclusions of the DASH model above on the predominance of the surface dynamics (i.e. assessibility of progressively more tortuous internal surfaces, micro-cracks, and internal bubbles) relative to the true volume in diffusion. These have the effect of extending or depressing the Langmuir curve over what would be expected for a constant reaction rate seen in the initially linear plots.
(4) Following a relatively rapid surface reaction, movement of deuterium into the "interior" of ash particles is a significant part of the rate determining mechanisms. Our longest-duration run at the highest temperature of 70 °C (12,777 h, Fig. 4a) demonstrates that there is a change from surface absorption in the most accessible sites. The mechanism evolves to a combination of in-diffusion and absorption involving sites that are "deeper" or reactively more difficult to access. This starts around 4929 h. We suggest that this observation may signal that all the shallow sites on the ash were saturated and that the role of a more slow process of deuterium in-diffusion becomes important. This is in concert with hydrogen bonding considerations discussed below in Section 4.3. Fig. 13 demonstrates the volume change given measured ash size distribution (Fig. 1) as a function of diffusion depth. This spherical model for particles (Figs. 13 and 12b lower left) is a useful demonstration of how stepwise glass in the outermost microns of large particles, as well as the smallest ash particles in their entirety are transformed ("consumed") into glass in d 2 H isotopic equilibrium with ambient +650 & d 2 H water. For example, at 1 micron, 32% of the total ash volume has been diffusively penetrated. More realistic representations (Fig. 12 b) illustrate the interplay of the DASH model with the effects high surface area, particle irregularity, and porosity have in progressively exposing more reactive sites for volume in-diffusion and/ or hydrogen bond penetration as immersion times were increased.
(5) Ash that was dried to lower water concentrations (from 3.8 to 2.5 wt.%) before the experiment and then exposed to isotopically-labeled water for an equal amount of time, gain deuterium at a faster rate but in a similarly initial linear fashion (but again not water, nor 18 O) as compared to native and not pre-dried ash (Fig. 5a-c above) . This ash dried at 130 °C to less than 3% both before and after reaction evinces a high amount of substitution of about 18% after 1400 h as seen in Fig. 5 . Thus removing $1.3 wt% of presumably the outermost water layers from native ash creates a "surface reactivity " of the ash that is similar if not identical to the surface of native ash (Fig. 14 ) .
(6) Reacted ash not subject to post-reaction vacuum drying shows more pronounced d 2 H uptake: 21% uptake in 1194 h, 44% after 12,777 h (70°C, undried ash d 2 H values in Fig. 14 ) . As seen in fig. 14 the initial rates for undried 70°C ash and pre-dried ash (Figs. 5a and 14) are essentially identical. The 70 °C reaction plot from Fig. 4a is included for comparison. These identical rates for native and predried ash illustrates the dominance of chemical or hydrogen bonding in determining relative reactivity to deuterium exchange. If for example mechanical effects (i.e. diffusion) were responsible for the lower rate seen in Fig. 4a then the ash subject to prior drying should evince some latency in reaction as an induction via diffusion brings deuterium to the remaining reaction sites. Instead high initial rates in Fig. 5a are seen. Thus for deuterium moving through the "outer" 1% of water in native ash the notion of diffusion is inextricably tied to the network of chemical bonds. There is a surface water potential that must be overcome for deuterium to exchange with water at the analytical water weight percent of roughly 2.5%. That is over 1% water in the native ash that is present between the outermost substitution sites and those that begin at 2.5% functions as a physical and hydrogen bonded network that is both a med- Table 4 Mass balance calculated deuterium concentratio ns lost between steps of degassi ng seen in Fig. 10 b tabulated by increments of water lost. High amounts of deuterium are seen in the first released water. Subsequent released water though enriched shows a rapid decrease in deuterium concentratio n. ium for exchange and a network of bonds that must be broken and remade as deuterium finds its way "in". In addition the chemical potential at the ash water/aqueous phase interface is highest when water first encounters the ash surface then lessens as a microscopic, metastable equilibrium is approached. The strength of hydrogen bonding is not to be underestimated. The pK a of the acidic proton in SiOH increases from around 4.5 to 8.5 as the hydrogen atom is subjected to neighboring SiOH H-bonding (Ong and Zhao, 1992) .
Simple kinetic explanations of results observed
Below we present a simple mechanistic model of surface reaction-diffusion process in volcanic ash, pictured in Figs. 12 and 13 . Fig. 13 . Rapid decrease in the calculat ed "reacted" ash volume as a result of deuterium absorptio n and migratio n into the ash particle of different size. Small ash particle s and rims of the bigger ash particle s are exchang ing ahead of the interior s of bigger particles for a size distribution shown on the inset, after Fig. 1 . Calculation results shown assume this size distribu tion of spherical particles, and translate them to volume and cumulativ e volume size distribution as micron radial increments are subtracted from each particle radius. (Fig. 4a) Reacted, pre and post drying (Fig. 5a) Fig. 14. Break in slope in hydrogen isotope exchange in runs from two series (pre-dried and native) that signifies the change of mechanism from predomina ntly absorptio n to absorption, diffusion and hydroge n bond penetratio n (see Section 4). Figure clearly indicat es deuterium exchange in the native ash is initially rapid up to 1200 h. Note the similar saturation value for the undried ash plot, d 2 H $ 3&, and the post reaction dried ash, d
2 H $ 11&. The ash dried before and after reaction shows the same slope as native, undried ash. This slope equivalence demonstrat es the chemical similarity of the reaction environme nt in both native and pre-dried ash.
Isotopic exchange in the ash/water system can be described by the following expression:
where the first two terms are Fick's second law diffusion expressions for deuterium and water expressed separately and are in-diffusion fluxes associated with deuterium and water molecules and their corresponding diffusion coefficients in porous rhyolitic glass, d 2 H and D H 2 O respectively. The quantity R A represents a surface reaction (D/H exchange near-surface, see above) rate constant, and [A] is the number of accessible OH sites. This constant depends on two important considerations: (1) the strength of the various hydrogen bonds binding protons and water to the substrate and (2) the strength of the OH bond that must be broken to accommodate the formation of the new OD bond. That is there are intermolecular and intramolecular bonds that influence the strength of water and proton adhesion in ash.
Given our observations above that water in diffusion plays almost no role on the timescales involved (and result in no water uptake or changes in 18 O), we can drop the second diffusion expression term.
Because there is an initial linear increase in deuterium concentration through time, we suggest that
( 2 H)/ox 2 initially as is argued above. The accessible surface is viewed as having a certain depth of penetration, in the order of single micrometer, as well as tortuosity (Fig. 12 b) . While the rate of exchange, R A [A] decreases with time as available sites become used up, there is some increase in surface area due to slow penetration by protons, new thin cracks, and bubbles inside ash particles.
On short timescales (10-15% of total exchange), the hydrogen in diffusion rates is slow; and upon integration, the deuterium concentration in bulk ash is simply a linear function of time:
On longer timescales when the surface and cracks are penetrated to micrometer depths, the reaction rate becomes a combination of diffusion and surface bond breaking and making.
Diffusion in porous silica is much faster than in vitreous silica or obsidian. Typical of glass is a coefficient around 1 Â 10 À5 lm 2 s À1 at 200 °C (Wakabayashi, 1989 ) and for obsidian about 8 Â 10 À8 lm 2 s À1 at ambient temperatures (Anovitz et al., 2004 ) . By contrast water diffusion coefficients in porous silica can range from 750 to 1400 lm 2 s À1 depending on porosity (Fukuda et al., 1989 ) with 484 lm 2 s À1 also reported for a pore restricted silica (Veith et al., 2004 ) . Water diffusing within itself has a value of 2300 lm 2 s À1 (Fukuda et al., 1989; Veith et al., 2004 ) . Proton diffusion in silica is extensively documented (McKiernan et al., 1994; Nogami et al., 1998; Godet and Pasquarello, 2006 ) and coefficient values of around 1000 lm 2 s À1 are reported for diverse materials such as nafion (a polymer) (Paddison et al., 2001 ) and perovskites (Mu ¨nch et al., 2000 ) .
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Ash while having a much higher surface area (1-2 m 2 /g) and porosity than obsidian has a lower surface area than the 100's of m 2 /g typical of lab silica-gel of similar particle size (Zhuravlev, 1987; Nogami et al., 1998 ) . The lab silica-gel has Angstrom-size pores, which appears absent in natural ash. Ash thus falls somewhere along this implied continuum of porosity and surface area between vitreous glass and porous silica. In this regard it is instructive to examine the 0.55% outer ash water value in Table 4 which is essentially in isotopic equilibrium with the ambient +650 & water. Using the universal value for all hydrated silica species of 4.9 SiOH/nm 2 (Zhuravlev, 1987 ) and allowing for 2H 2 O per ½SiOH (speciation value for high weight percent water) this 0.55% would require a surface area of about 15 m 2 /g. This estimate is $10 times higher than our estimate for ash surface area of 1.5 m 2 /g above. It is, however, within the range of surface areas estimated by a study in which nitrogen-absorption employed in BET measurements was compared to waterabsorption (Delmelle et al., 2005 ) . The authors found water monolayers sampled 2-6 times greater surface area than nitrogen due to the surface binding characteristics of water not present with non-polar nitrogen (Delmelle et al., 2005 ) .
4.3. Different kinds of water in ash, their bonding environment, and isotope exchange Our observation that d 2 H decreases rapidly with drying or degassing suggest that there is an important surface bound water population, and that a surface-controlled reaction determines the outset of d 2 H exchange. The degassing is accompanied by a distinct shift in water speciation in the ash seen in Fig 11 with water speciation (H 2 O/OH) of the least strongly held water at 2:1. This water is directly or indirectly bound by hydrogen bonds to a water network and ultimately to SiOH. This outer network of hydrogen bound water is at once both capable of rapid hydrogendeuterium exchange at the outermost regions and functions as a potential barrier to further hydrogen or deuterium penetration given the strength of hydrogen bonding. Again, the high reactivity that resulted from stripping outer water 1 Whether the proton diffusion is mediated by translational motion of water moving through pores, etc., the "vehicle mechanism " (Kreuer, 1996 ) or by successive handing off from localized site to site, the Grotthuss mechanism (Agmon, 1995; Kreuer, 1996; Cukierman, 2006 ) , the net result is the same. An issue with water as the carrier of protons (deuterons) is that water penetratio n would have to be highly reversible when the reactio n is terminat ed. Once the reacted ash is flushed with acetone and/or dried all the outside reaction or deuterium enhanced water has to exit the way it came. Parsimony informs proton hopping site to site as more likely. Finally as deuterons are the species of interest doing the moving, the rate would be expected to be p 2 less than that for the proton (Kreuer, 1996 ) . away before reaction (by drying Figs. 5 vs. 4, 14) demonstrates how these outer bound waters can function as an impediment to exchange. Further, once a population of deuterium sites forms at and away from the water-ash interface the chemical potential driving force diminishes somewhat as a deuterium concentration gradient sets in. This gradient diminishes the reaction driving force as the local deuterium concentration on reacted ash sites approaches equilibrium.
The IR speciation data (Fig. 11 ) of progressively degassed samples demonstrates this outer 2:1 (molecular to SiOH water) layer gives way to ratios closer to 1:1 at greater progress of the degassing reaction. Finally with lower remaining total water amounts the ratio goes down further to 1:2 (water:SiOH). As degassing proceeds, the SiOH that remains at increasingly higher temperatures requires more and more energy to be removed in accordance with their structural and bonding relationships in the ash. The amount of molecular water that remains even when most of the total water is driven off suggests that the last remnants of hydrogen bound molecular water to SiOH approaches the stability of OH to Si bonds themselves. The bonding relationships in the context of speciation are explained in Fig. 15 . As the amount of water is decreased in glass the energy required to pull molecular water off a fully hydroxylated surface increases substantially to beyond normal hydrogen bond strengths (Sneh and Cameron, 1996 ) . All hydrogen bonds are not of equal energy.
Finally the increasing temperature required for water removal in ash and glass in general suggests that lower temperatures correspond to "outer" water and higher temperatures to "inner" water. These degassing temperatures, however, are highly dependent on the configurations of SiOH groups and in part how close they are to one another. Removal of surface SiOH from glass (D'Souza and Pantano, 2002 ) follows a temperature profile strikingly similar to Fig. 3 . It is entirely possible that the deuterium substitution is entirely concerned with disrupting a surface hydrogen bond network and apparent diffusion confined to micron or sub-micron molecular distances. The entire mechanism thus reduces to R A [A] (above) with the last recalcitrant reaction sites being the tightest held hydrogen sites combined with shielding by the more active, already deuterium substituted sites.
Deducing rates of hydrogen exchange by Arrhenius relationship
The reaction of deuterium exchange is modeled as pseudo-first order as the deuterium in water concentration changes little:
where k is the temperature dependent reaction constant and t is time.
Modeling as first order kinetics also allows computation of the activation energy given experimental results at three temperatures of 70, 40 and 20 °C. A second order kinetic model is possible but does not impart significantly different information for the effort. First order (or pseudo first order) Fig. 15 . Conceptual representatio n of water position and speciat ion on the surface of ash particles explaining relative increase in SiOH bonds relative to hydrogen bonds in the course of degassing. The top row demonstrates the important chemical bonding relationsh ips correspon ding to the various speciation ratios. A high number of water molecules congreg ated around a SiOH bonding site diffuse the charge polarity associated with hydroge n bonds, as a number of subsidiary electrostatic interactions bind water to itself, perhaps other SiOH, or whatever is close. As the ratio goes down, there is less ability for charge relaxation and water is more tightly bound to substrate. The final 2:1 SiOH to H 2 O scenario depicts commo n geminal OH groups on silicon but the SiOH groups could also reside on different silicon sites. Numbers are from Doremus (2000) .
Chemical bonds
kinetics creates the special case where the half life of the reaction can be determined. That the reaction is of first order is independently confirmed by plotting ln[moles Ash sites], sites described by Langmuir theory and a steadily decreasing quantity, versus time and observing a linear set of data with the slope of the line yielding k, the reaction constant. The initial molar rates are easily calculated from the initial d 2 H/h slopes in Fig. 4a -c. A plot of ln(k) vs. 1/ T (°K) (Fig. 16 ) yields linear fit with the activation energy E a of 59.5 kJ/mole. This low value of E a obtained for our ash water experiments compares with deuterium-hydrogen exchange in other compounds and systems: 51 kJ/mole for Mg(BH 4 ) 2 and D 2 (Hagemann et al., 2010) , 57 kJ/mole in isobutane-aluminosilicate zeolite exchange (Truitt et al., 2006 ) , and 69.7 kJ/mole between polycrystalline ice-water (Lu et al., 2009 ) , the latter example was described as exchange mediated by diffusion along grain boundaries with some similarities to our model above.
An important point of this analysis is the question of time scales for the process of exchange, and these are summarized in Table 5 using the half life expression (Eq. (6)).
Extrapolating the Arrhenius regression line to 0°C indicates that at this low temperature the half life is about 380 years. In at least the case of the 70 °C reaction the half life must be viewed as a lower bound as the reaction rates moderate in time. By extrapolation along the line for longer times in Fig. 15 for example a realistic half life is closer to 2.9 years at 70 °C. For the lower temperature reactions the rate of deuterium movement within the ash may be better paired against the H-D exchange rate and thus these half lives may be more realistic, that is the Langmuir curve is closer to a linear approximation. Finally it is important to note that all the reaction temperatures in the kinetic analysis are for deuterium exchanging with hydrogen well within the total hydration "sphere" of the ash. That is all the reaction going on in the first 1.2% of ash is subtracted out by vacuum drying allowing only a snapshot of what was going on at the 2.5% level when the reaction was stopped. True "pure" deuterium-hydrogen exchange and associated kinetics occurr at the outermost portions of the native, unaltered ash, and as seen in Fig. 15 these rates are much higher. It is by convention with earlier work (e.g. Friedman et al., 1992 ) that drying before analysis is performed and thus this choice of a kinetic framework.
Implications for paleo-climate studies
Overall it is clear from this work that there is a dynamic relationship that exists between the protons in accessible, hydrous portions of naturally occurring glasses and environmental water.
Results of these experiments put quantitative limits on reliability of d 2 H in ash in paleo-climate studies that are primarily controlled by the isotopic environments and temperatures. We hypothesize that hydrogen-deuterium exchange occurs through surface correlated water in addition to diffusion with the latter having a rate determining effect. The first process is very rapid (years at 20-40°C of mean annual temperature on the surface). However, such hot temperatures only exist in desert or equatorial-like environments. As seasonal changes in d 2 H in water are also expected, we note that the annual cycle at 0-20°C will not be able to severely affect the d 2 H of the ash. However, a prolonged (see Table 5 for years) exposure to isotopically-distinct water will clearly lead to an alteration of D/H ratios.
On the other hand oxygen incorporated into glasses during the process of hydration and/or weathering appears to be stable in the presence of later water as we do not observe signs of additional water incorporation into ash nor d 18 O exchange. We suggest studying d
18 O in the water portion of ash may be a better approach.
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This works best as an iterative procedure by assuming some initial e and calculating the provisional C H 2 Ot . Concentrations were initially determined employing an e value of 74 which falls in the range described in two separate IR studies of 60 (Yokoyama et al., 2008 ) and 80 (Leschik et al., 2004 ) . These trial C H 2 Ot values were substituted into the e 357 0 expression and new C H 2 Ot values determined, etc. The process converges rapidly. Molecular water e value of 55 was obtained from an earlier paper (Newman et al., 1986) .
Initial preparations were done to optimize the ash to KBr ratio, which turned out to be about 45% ash/55% KBr. The mixture determination was done in concert with determining a total mixture amount that could be easily handled once pressed into a wafer and as a second criterion passes sufficient infrared radiation to be useful. Samples were weighed to a total of about 200 mg. Tables A1 and A2 summarizes the IR data.
A.2.
Step heating data A.3. Particle size analysis
A.4. Kinetic analysis
The molar amount of ash participating in the reaction is taken to be the number of deuterium substitution sites at equilibrium. In principle any proton bound to oxygen is eli- gible to react which in this case would be a molar amount represented by the approximately 3.8% total water in ash. The actual molar amount of deuterium in the aqueous phase is small, around 2.57 Â 10 À4 moles. Thus by the dictates of deuterium isotopic equilibrium between water and silica (a = 1.043) only a tiny fraction of OH sites in ash will react to form O 2 H. On the other hand the 650 & d 2 H water is in great excess. This facilitates the choice of first order or more particularly pseudo-first order kinetics.
Our observations lead to the following set of recommendations for users who prepare ash for analysis:
(1) Gravimetric loss on dry experiments coupled with a comparative TGA analysis between native and dried ash (Figs. 3 and 6) show that a 48 h period of vacuum drying is sufficient to remove around 1-1.2% of water in ash. Infrared analysis of ash dried under vacuum at $130°C shows the loss of molecular water and hydroxyl loss in roughly 80:20 proportion with only a small (several permil) decrease in d remaining water in ash stays relatively constant (Fig. 10 a) and starts to slowly decrease until the ash is heated to past 250 °C. Thus, we recommend that vacuum drying for no more than 48 h at 120-130°C is necessary for a deuterium isotope analysis. Prior to vacuum drying, we recommend acetone solvent drying as a useful part of sample preparation, as acetone does not exchange deuterium with water, and is easy to physically separate from ash, strips H 2 O off surfaces, and evaporates readily.
(2) The vacuum-dried ash is not hygroscopic to any significant extent, and this is different than some clays (smectites in particular). We found that exposing ash to "wet" Eugene lab air for 24 continuously to 6000 h result in $0.1% initial and ultimately $0.3 wt.% water uptake. Even long-term vacuum-dried ash dumped into water (then treated with solvent, and rapidly dried in air), absorbs minor water amounts and does not rehydrate to its original state. 
